A multi-species Monte Carlo (MC) model, combined with an analytical surface model, has been developed in order to investigate the general plasma processes occurring during the sputter deposition of complex oxide films in a dual-magnetron sputter deposition system. The important plasma species, such as electrons, Ar + ions, fast Ar atoms and sputtered metal atoms (i.e. Mg and Al atoms) are described with the so-called multi-species MC model, whereas the deposition of Mg x Al y O z films is treated by an analytical surface model. Target-substrate distances for both magnetrons in the dual-magnetron setup are varied for the purpose of growing stoichiometric complex oxide thin films. The metal atoms are sputtered from pure metallic targets, whereas the oxygen flux is only directed toward the substrate and is high enough to obtain fully oxidized thin films but low enough to avoid target poisoning. The calculations correspond to typical experimental conditions applied to grow these complex oxide films. In this paper, some calculation results are shown, such as the densities of various plasma species, their fluxes toward the targets and substrate, the deposition rates, as well as the film stoichiometry. Moreover, some results of the combined model are compared with experimental observations. Note that this is the first complete model, which can be applied for large and complicated magnetron reactor geometries, such as dual-magnetron configurations. With this model,
Introduction
The deposition of thin films plays a central role in many key technologies, including the fabrication of anti-reflective, hard and wear-resistant materials, computer hard drives and highperformance optical coatings. Magnetron sputtering is the most widely used method for the deposition of various types of industrially important coatings, such as metals, oxides and nitrides [1] .
Besides an electric field, a magnetic field is also present in a magnetron discharge, which can cause the electrons to be trapped in an area close to the cathode. This gives rise to a more effective use of the electrons for ionization of the background gas atoms, which results in enhanced sputtering of the target in comparison with a non-magnetized discharge. Because of this efficient ionization, magnetrons can operate at lower pressures (typically in the range of 0.1-1 Pa [2] ). Due to the lower pressure, the sputtered atoms are less scattered on their way to the substrate, which results in a more effective deposition.
Magnetron discharges with two (or more) sources are now widely used in the sputter deposition of complex oxide films (e.g. Mg x Al y O z ). There exist different configurations of magnetrons with two sources (or so-called dual magnetrons), and each of them has its specific advantages and applications. For instance, dual magnetrons with facing targets (where two cathodes, mostly consisting of the same material, are facing each other) are popular in depositing sensitive materials such as high-temperature superconductors [3, 4] . In this configuration, the substrate is placed outside this region to eliminate substrate bombardment with highly energetic species and substrate heating. Another configuration of a dual-magnetron setup consists of two single magnetrons that are mounted at 90
• with respect to each other and each facing the substrate at 45
• [5] [6] [7] [8] [9] . Such a configuration is often chosen to modify the stoichiometry of the complex oxide film in a flexible way. Indeed, by changing the target-substrate (T-S) distance and/or the target power for both cathodes independently, a large range of compositions can be 3 obtained [5, 6] . Willmott [10] considers the composition and growth control of complex metal oxides to be one of the future challenges for thin-film deposition. However, exact control of the independent dosing of individual metallic elements is still very problematic. Moreover, the stoichiometry of complex oxides strongly affects the properties of the films. Based on the abovementioned considerations, we can say that there is a need to deeply investigate the behavior of the plasma species, as well as the deposition process, in a dual-magnetron sputter deposition system.
Reactive sputter deposition in a dual-magnetron discharge is studied by experiments and models; an overview of experimental and modeling studies can be found in [5, 6, 11] . These experiments enable us to study and explain relations between external parameters, such as cathode current and voltage, gas pressure, magnetic field, pumping speed and T-S distances, and measured properties, such as plasma species densities, fluxes and energies, erosion profiles, etc. However, some of these characteristics are difficult to measure due to possible plasma disturbance with the measuring tool (or limitations in size of the measuring tool). For this purpose, computer modeling can be very useful in calculating these plasma characteristics. On the other hand, the experiments remain unavoidable to validate the developed models. Moreover, certain input parameters are needed in models, which can be measured experimentally. Therefore, a combination of models and experiments is necessary to provide a complete chemical and physical picture of magnetron discharges.
Different modeling approaches exist to simulate magnetron discharges. Depending on the goal, the most relevant model can be chosen. In general, the models can be subdivided into analytical, continuum (or fluid) and particle models, as well as hybrid models, which can combine these model approaches. An analytical model is based on semi-empirical formulae describing the relation between certain plasma quantities and macroscopic parameters (e.g. voltage, current and pressure) [12, 13] . This model is very fast and can rapidly predict plasma behavior, but it is limited in accuracy (because of the approximations used) and valid for a limited range of conditions. In a fluid model [14] , continuity equations of plasma species density, momentum and energy are solved, together with the Poisson equation to calculate the electric field distribution in a self-consistent way. This model is also fast and widely used to simulate gas discharges, when the plasma species are more or less in equilibrium with the electric field. However, in low-pressure discharges, such as magnetron discharges, the plasma species cannot be considered as a fluid, in equilibrium with the electric field. Moreover, the drift-diffusion approximation, which makes fluid models straightforward to implement, is invalid in magnetron discharges. On the other hand, so-called particle models are very suitable to simulate magnetron discharges. A particle-in-cell/Monte Carlo collisions (PIC/MCC) model [15] [16] [17] [18] [19] [20] describes the behavior of the individual plasma particles (or superparticles (SPs)). Their trajectory in the electric and magnetic fields is calculated using Newton's laws, and their collisions are treated statistically, by random numbers. This model is very accurate, and moreover, it is self-consistent, i.e. it calculates the electric field in a self-consistent way. However, it requires a long calculation time, especially when modeling large and complicated reactor geometries, such as dual-magnetron configurations. A Monte Carlo (MC) model [21, 22] is similar to the PIC/MCC approach, because it also describes the trajectory of (super) particles by Newton's laws, and their collision by random numbers, but without solving the Poisson equation. Therefore, an MC model is not self-consistent and it requires a certain electric field distribution as input. Moreover, the so-called Bohm diffusion should be included explicitly in an MC model to account for time-dependent fluctuations in the electric field distribution [23] .
On the other hand, it is much faster than the PIC/MCC approach, and therefore more suitable for large and complicated reactor geometries, such as dual-magnetron setups. Finally, a hybrid model [24] , which combines different individual models, can be implemented to make use of the advantages and to avoid the limitations of the different models and also to achieve more reasonable computation times. However, such a hybrid model is usually based on the fluid approach, and therefore, it exhibits the same disadvantages as mentioned above for magnetron discharges.
Based on all these considerations, in this work we develop a so-called multi-species MC model [22] , together with an analytical surface model [25] to describe the behavior of the important plasma species, as well as the deposition process of complex oxide thin films in a dual-magnetron discharge.
Our previous work was devoted to investigating electron behavior in a dual-magnetron discharge using an electron MC model [8] . With this model we were able to simulate the behavior of the fast electrons (i.e. the electrons with kinetic energies above the threshold for inelastic collisions). Their trajectory and their collisions with both background gas atoms and target atoms were described, and their densities and reaction rates were calculated. However, in order to obtain more insight into thin-film deposition of complex oxides, we need to also describe the other plasma species, such as Ar + ions, fast Ar atoms and sputtered metal atoms (i.e. Mg and Al atoms). Therefore, in this work we have extended the electron MC model to a multi-species MC model to describe the above-mentioned important plasma species. This multi-species MC model is based on the model of [22] , but extended to a dual-magnetron setup. Moreover, we have combined this multi-species MC model to an analytical surface model (based on the model of [25] ) to describe the deposition process of Mg x Al y O z thin films in a dualmagnetron discharge. Indeed, with this combined model we are able to predict both the plasma and surface properties for a broad variety of conditions in dual-magnetron setups, within a limited calculation time. The difference of this combined model with previous multi-species MC/analytical surface model is that (a) it can be used for large and geometrically complicated magnetron reactors (e.g. a dual-magnetron setup) and (b) the analytical surface model used in this work (see below) is much more complex than the analytical surface model used in [22] and it can be utilized to describe the deposition process of complex oxide films.
In our simulations, we have chosen the target (or cathode) materials as Mg and Al to investigate the deposition process of stoichiometric Mg x Al y O z thin films. The choice of these metals is based on the large amount of experimental data available, e.g. secondary electron emission coefficients (SEECs), sticking coefficients (SCs), sputter yields, etc (see e.g. [5, [25] [26] [27] ). Moreover, many experimental and theoretical studies have been performed on magnesium aluminate 'spinel' (MgAl 2 O 4 ) (see e.g. [28] [29] [30] [31] [32] ). It is a unique material due to its optical, electrical, magnetic and mechanical properties and it is used as dielectric and irradiation resistant material in refractory ceramics [29] . It also has interesting catalytic properties (see e.g. [30, 31] ) and can be applied as a covering material in high-pressure discharge lamps [32] .
In this paper, some typical calculation results are presented, such as densities of the various plasma species, fluxes toward the targets and substrate and deposition rates. Moreover, the influence of the T-S distance on the deposition of the Mg x Al y O z films is also investigated. 
Multi-species Monte Carlo model
The presented multi-species MC model is three-dimensional (3D) in both the coordinate and the velocity space. For convenience, we need to use two different frames of reference in the dualmagnetron setup, i.e. a local coordinate system (LCS) of each magnetron source, and a global coordinate system (GCS). A schematic picture of the dual-magnetron setup, illustrating the LCS and the GCS, is presented in figure 1 . The LCS of both magnetron sources is used to describe the trajectory and collision of the plasma species, but the resulting positions and velocities are also transferred to the GCS, so that the species are able to move from one magnetron source to the other (or in other words: from one LCS to the other).
A detailed overview of the multi-species MC model, albeit for a single magnetron discharge, can be found in [22] . In this paper, only a brief description is given. In the multispecies MC model, the real particles in the discharge are represented by a limited ensemble of SPs, with a certain weight corresponding to the number of real particles per SP. Only electrons, Ar + ions, fast Ar f atoms and sputtered Mg and Al atoms are followed, because these species are considered to be important in the sputter deposition process. Indeed, the electrons are needed to create the Ar + ions. The fast Ar f atoms are assumed to be formed by Ar + ions (i.e. by elastic collisions, i.e. isotropic and charge transfer, and by neutralization at the targets). Both Ar + ions and fast Ar f atoms can sputter the Mg and Al targets. Note that the other plasma species, such as excited species and sputtered metal ions, are not included in this model, as they are considered to be of less importance [16] . Moreover, in this model, the metal atoms are sputtered from pure metallic targets, i.e. the flux of the reactive gas (in our case O 2 ) is only directed toward the substrate and is high enough to obtain fully oxidized thin films but low enough to avoid target poisoning. This corresponds to the experimental conditions used to grow these Mg x Al y O z films [5, 11] . Therefore, because of the low density of reactive gas species in the bulk plasma, the collisions of these species with other plasma species in the reactor are not taken into account as well. The collisions of the species considered in the model (i.e. electrons, Ar + ions, fast Ar f atoms and sputtered metal atoms), include elastic scattering, excitation to metastable and radiative states, ionization, charge transfer, etc and are presented in [22] .
The MC models for electrons, Ar + ions, fast Ar f atoms and sputtered Mg and Al atoms are run one after the other. The calculation starts with the fast electrons (see detailed description in [8] ), which are emitted at both cathodes upon impact of the energetic plasma species (i.e. mainly Ar + and fast Ar f ). In this model, the initial number of the electron SPs emitted at the cathodes is 40 000. However, due to the ionization of the background gas atoms, these electrons can create secondary electrons, which are also followed in the model. Note that the number of secondary electrons can reach up to 12 times the number of primary electrons; so the total number of the electron SPs can be about 500 000. Based on the electron-impact ionization rate profile calculated in this electron MC model, the Ar + ions (or more specifically, the Ar + SPs) receive their initial positions and velocities, and are subsequently followed by the MC model for Ar + ions. Thereafter, the fast Ar f atoms are followed; their initial positions and velocities are directly derived from the Ar + MC simulation. In principle, Ar + ions and fast Ar f atoms can also create new electrons, by fast Ar + and Ar f impact ionization [16] , but the number of electrons created in this way is very low compared to the total number of electrons followed by the electron MC model (i.e. the ratio is less than 1%). Therefore, a coupling back from the Ar + and fast Ar f MC models to the electron MC model was found to be unnecessary, in order not to complicate the simulations. As was mentioned before, both the Ar + ions and the fast Ar f atoms sputter the Mg and Al targets, and as a consequence, the starting positions and velocities of the sputtered metal atoms are calculated from the fluxes of Ar + ions and fast Ar f atoms toward the targets.
The electric and magnetic fields are given as input in the multi-species MC model. The electric field in each magnetron source was adopted from PIC/MCC simulations [16] and the magnetic field distribution in the entire dual-magnetron setup was calculated by using the opensource finite-element solver GetDP 4 , together with the finite-element mesh generator Gmsh 5 . It should be mentioned that there are two possible magnetic field configurations in a dualmagnetron setup: a closed or a mirror configuration. A detailed description of the electric and magnetic field distributions and of the magnetic field configurations is given in our previous work [8] . Because of these configurations, a strong drift of the charged particles' guiding center can be observed. This drift is the result of a pronounced asymmetry of the discharge in a dualmagnetron setup (see [9] ). In this work, we have considered closed magnetic field configuration. However, we expect that the choice of magnetic field configuration does not strongly influence the deposition of the sputtered metal atoms, based on the following.
1. The sputtered metal atoms are created at the targets (mostly by arriving Ar + ions, see below), where the magnetic field is symmetrically distributed (see the magnetic field distributions near the targets in [8] ). Moreover, most energetic Ar + ions, which are responsible for sputtering of the metal atoms, are created near the targets: the electron 7 impact ionization rate near the targets is almost 100 times higher than in the bulk area of the dual-magnetron setup (see [8] ). It is also clear from [9] that the Ar + ions, which are created near the targets, are positioned symmetrically. 2. The sputtered metal atoms do not feel electric and magnetic fields, and as a consequence, an asymmetry of the discharge does not influence the deposition of these atoms on the substrate.
To verify these considerations, we have also performed calculations for the mirror magnetic field configuration to estimate the influence of the magnetic field configuration on the deposition of the metal atoms at the substrate and we have obtained the same results for both (closed and mirror) magnetic field configurations. During consecutive time steps, the SPs' trajectory under the influence of both the electric and magnetic fields is calculated using Newton's equations of motion, based on the Lorentz force. This is true for the electron and Ar + ion SPs. The Ar f and metal atom SPs of course do not feel the influence of the electric and magnetic fields. In the middle of each time step, the collisions are treated by a random number, which is uniformly distributed between 0 and 1. This random number is compared with the total collision probability (summed over all possible collision processes), which is calculated based on the collision cross sections (σ k ) or the reaction rate constants (k k ) and the target species densities (n tar ):
where P k is the collision probability of kth type of collision, v is the velocity of the incident SP (and v is average velocity of SPs) and E i is the energy of incident SP i. If the probability is lower than or equal to this random number, no collision occurs. If it is higher, a collision takes place. After the collision, the SP can be lost, or a secondary SP can be created (which is also followed in the calculation) or the SP can be scattered from its original path, after which it receives a new velocity (i.e. direction and magnitude). Details about the post-collision treatments for a magnetron discharge in argon are given in [15, 33, 34] . In a dual-magnetron setup, the plasma species can interact with the surfaces (i.e. the targets and the substrate), and can also cross the simulation area (the boundary of the simulation area is shown by dashed lines in figure 1 ). In our simulation, any particle reaching the boundary is considered to be lost eventually at the walls and will be removed from the simulation. The arriving particles to the surfaces can be adsorbed, reflected (as neutrals in the case of ions) or they can create new species [16, 22, 34] . More specifically, secondary electrons and/or sputtered atoms (i.e. Mg and Al) can be created. The yield of the secondary electrons is characterized by the SEEC. In this work, SEECs of Mg and Al targets are taken as 0.123 and 0.091, respectively [27] . The yield of sputtered atoms is determined by the Matsunami formula [35] . Reflection of electrons is treated by the reflection coefficient (RC = 0.1 [36] ), whereas reflection of other particles is characterized by their SC. If the particle SC is zero, the particle is reflected when hitting the wall. On all surfaces, the SC is assumed to be zero for fast Ar f atoms and Ar + ions, since Ar is an inert gas (note that Ar + ions are reflected as neutrals) [16] , whereas the SC of both Mg and Al (and also for O 2 at the substrate, at least in the case of a pure metallic film) is proposed to be unity, i.e. they are stuck when bombarding the surface [37] . 
Analytical surface model
As was mentioned above, an analytical surface model, i.e., the so-called Berg model [25] , is coupled to our multi-species MC model to describe the deposition process of Mg x Al y O z thin films in a dual-magnetron discharge. The Mg x Al y O z system is used here as example, but of course the same methodology can be applied to other composite films as well. A more comprehensive description of the model is given by Berg and Nyberg [25] and the way for coupling this model to a plasma model can be found in [16, 22, 34] . However, in the present case, we deal with complex oxides, so the description is more complicated than in our previous studies [16, 22, 34] . Therefore, special attention is given here to the application of the model to the case of complex oxides in a dual-magnetron setup.
The analytical surface model for the deposition process from two separate targets is schematically presented in figure 2 . Here, R is the so-called 'Mg metal ratio', i.e. the ratio between the number of Mg atoms arriving at the substrate and the total number of metal atoms (Mg and Al) on the substrate (i.e. R = N Mg /(N Mg + N Al )). We assume that all sputtered atoms (Mg and Al atoms, with certain SC) are uniformly deposited to the substrate. However, to explain the model, we subdivide for simplicity the substrate into two parts, i.e. an Mg and an Al part (see figure 2, blue and yellow areas). Since there is reactive gas (i.e. O 2 gas molecules; O atoms are not included in this model, as they were found to be negligible [16] ) present near the substrate, the reaction between sputtered metal atoms and the reactive gas will cause a compound fraction θ c of (one part of) the substrate to consist of compound molecules (see figure 2 , darker blue and orange areas). θ c is the ratio of the M x O y amount with desired stoichiometries (x and y), to the sum of the M x O y and the pure M amounts (here M stands for either Mg or Al). Note that the formation of the compound is of course again uniformly distributed over the whole substrate.
To describe the deposition process of the Mg x Al y O z film on the substrate, and to predict its stoichiometry, the effective sticking coefficients, S eff , of O 2 need to be calculated. The values of S eff depend on the already deposited amount of compound on the substrate, which is (as mentioned above) defined by the compound fraction, θ c .
The general compound fraction balance equation for the deposition of O 2 (giving rise to two deposited O atoms) and M on the substrate to form an M x O y film with a desired stoichiometry (i.e. x = 1 and y = 1 in the case of MgO, and x = 2 and y = 3 in the case of Al 2 O 3 ) is:
where S O2 , S Mg and S Al are SCs of O 2 , Mg and Al, respectively, and θ c1 and θ c2 stand for the Mg and Al compound fractions, respectively. Therefore, based on the fluxes (F) of the incoming species, together with the corresponding constant SC's of these species, the Mg and Al compound fractions on the substrate (on every grid cell) are calculated:
Note that the fluxes of the sputtered Mg and Al atoms arriving at the substrate are calculated in the multi-species MC model. On the other hand, the flux of the O 2 molecules (F O2 ) is assumed to be constant and uniformly distributed over the whole substrate area, and calculated according to the kinetic gas theory:
where p O2 is the O 2 gas pressure above the substrate, v O2 is the mean velocity of the O 2 gas molecules (defined from the gas temperature) and T is the background gas temperature. As mentioned above, from the calculated compound fractions, the effective SC for the O 2 molecules, S O2,eff , can now be calculated:
where the superscripts 1 and 2 denote again the situation of the Mg and Al compounds, respectively. Note that a constant SC is used for Mg and Al (instead of S eff ) since they will stick equally well to a metallic surface and a surface covered with compound material.
With the effective sticking coefficients, the deposition rates of Mg, Al and O, i.e. D Mg , D Al and D O , and also the total deposition rate, D tot , can be found:
Finally, the stoichiometries of the deposited Mg x Al y O z film at steady state, x, y and z, are calculated by dividing the corresponding deposition rates by the total deposition rate, i.e.:
Note that in this work, the desired stoichiometric film is MgAl 2 O 4 , so that in order to find a lower index of the spinel (or magnesium aluminate), one should simply divide the stoichiometries x, y and z to x (see below in table 1). 
Results and discussion

Operating conditions
The dual-magnetron device under study is a sputter deposition system with Mg and Al targets with a radius of 25 mm. It operates in a direct current mode, in Ar gas at 300 K and a gas pressure of 0.8 Pa. O 2 gas density in the bulk plasma is negligible, because the flux of O 2 gas is only directed to the substrate and is assumed uniformly distributed on it. Under these conditions, the targets remain in the metallic mode (i.e. not poisoned) and the substrate is fully oxidized. The discharge voltage is taken as −350 V and −450 V for the Mg and Al targets, respectively, and the discharge currents (I) are 0.5 A and 0.7 A for the Mg and Al targets, respectively. These are typical conditions used in experiments for growing Mg x Al y O z thin films by dual-magnetron sputtering [5, 11] . Note that in the experiments, the oxygen flow was regulated according to the T-S distances in order to achieve the desired stoichiometries, and to obtain fully oxidized films but no target poisoning, but the exact values were not mentioned explicitly (see [5, 11] ). In our simulations, we use a constant value for the oxygen pressure, i.e. 0.32 Pa for all T-S distances. This value is used to calculate the O 2 gas flux (see equation (4)). This value is high enough to obtain the required stoichiometries, like in the experiments.
General plasma behavior
As mentioned above, in the multi-species MC model the calculations are performed for a theoretical number of SPs (per unit of time). However, the real values of the plasma species properties (such as densities and fluxes) need to be determined by multiplying the values of the calculated SP to the weight factor (W), which represents the total number of real particles per SP. The W can be obtained as follows, from the total number of electrons emitted per second at both targets (i.e. the so-called real particles, R P e− ):
R P e− = R P 1 e− + R P 2 e− , W e− = R P e− S P e− ,
where I 1 and I 2 (γ 1 and γ 2 ) are the cathode currents (and SEECs) of the Mg and Al targets, respectively, and q is the elementary charge. As soon as the weight factor for the electrons (W e− ) is determined, the same ratio applies for the Ar + ions, fast Ar f atoms and sputtered (Mg and Al) atoms, because they are created (directly or indirectly) from the electrons (see above and see [22] ). It should also be mentioned that in this work, the number of electrons starting at the cathodes is almost the same for the Mg and Al targets, i.e. 3.4 × 10 17 and 3.6 × 10 17 electrons are emitted per second from the Mg and Al targets, respectively (see equation (10), with I 1 = 0.5 A, I 2 = 0.7 A, γ 1 = 0.123 and γ 2 = 0.091; cf above). As mentioned above, the creation of sputtered atoms is defined by the Matsunami formula [35] . However, in order to justify the calculated sputter yields by the Matsunami formula, we have compared them with the experimentally determined sputter yields [5] . Figure 3 illustrates that the calculated and experimental sputter yields correspond very well, at least in the Ar + ion energy range of interest in this work. For Mg, a slight deviation is observed, which is probably due to a strong influence of the surface binding energy and the unknown number of Ar atoms in the target during sputtering [38] . Note that the sputter yield of Mg is nearly three times greater than the sputter yield of Al, in the Ar + ion energy range of interest here. The calculated 2D density profiles of the heavy species (i.e. Ar + ions, fast Ar f atoms and sputtered Mg and Al atoms), are plotted in figure 4 . The T-S distances (i.e. the distance between figure 1) . Both targets and substrate are indicated with gray rectangles. The T-S distances for both magnetrons are 10.5 cm.
the centers of the targets and the substrate) are taken to be the same, i.e. 10.5 cm, for both magnetrons. The electron density profile is not shown here, because it was already presented in [8] , albeit for Ti targets, but we obtained a very similar profile in this study. Most of the plasma species are located near the targets. Indeed, due to the strong magnetic trap, the electron density, as well as the electron impact ionization rate, showed a maximum in this region [8] , and the latter explains the maximum in the Ar + ion density. Moreover, as the fast Ar f atoms are created from the Ar + ions, it is logical that they also exhibit their maximum density in this region. Finally, the sputtered atoms are created at the targets, also explaining why their density reaches a maximum near the targets. The maxima of the Ar + ion density profiles are somewhat tilted toward the centers of both cathodes, which is caused by the similar tilted shape of the magnetic field (see magnetic field distributions in [8] ), whereas in the case of the neutral species, i.e. the fast Ar f atoms and the sputtered Mg and Al atoms, no tilted shape of the density profiles is apparent, because these species are not influenced by the electric and magnetic fields. It is obvious that the density of the Mg atoms reaches its maximum near the Mg target, but there are also some Mg atoms near the Al target. The same situation can be seen for the Al atoms. Moreover, the density of the Mg atoms is almost three times higher than the density of the Al atoms, which is explained by the three times higher sputter yield (note the different values in the color scales). It is also clear that the density profiles of the Ar + ions and the fast Ar f atoms overlap in between the two magnetron regions due to the closed magnetic field configuration [8] .
In figure 5 , the profiles of the energy fluxes of the Ar + ions and the fast Ar f atoms to the Mg target are presented, again at a T-S distance of 10.5 cm for both magnetrons. The corresponding energy fluxes to the Al target are the same, and are therefore not shown here. Indeed, as mentioned above, the number of electrons starting at both targets is almost the same and consequently the number of Ar + ions (created by the electrons, see above), as well as the number of fast Ar f atoms (created by the Ar + ions) should be the same for both magnetrons. It is indeed clear from figure 4 that the maxima (and also the shapes) of the Ar + ion and fast Ar f atom densities near both targets are the same. Note that the energy flux corresponds to the product of the species fluxes and their average energies, and hence, it is a measure of the amount of sputtering, as the flux defines the number of sputtering species and the energy determines the sputter yield. The energy fluxes of both the Ar + ions and fast Ar f atoms reach their maximum at a radial position of about 12 mm, where the race track area is situated. It should be mentioned that although the number of incoming Ar + ions and fast Ar f atoms to the targets is in the same order of magnitude (see the maxima of the densities of Ar + ions and fast Ar f atoms, in figure 4), their average energies when bombarding the targets are not the same; the average energy of the Ar + ions is around 250 eV, whereas the average fast Ar f atom energy is about 20 eV, i.e. approximately 13 times lower. This explains the lower energy flux of the fast Ar f atoms compared to the Ar + ions. As a result, we can conclude that the Ar + ions will have a much higher contribution to the sputtering than the fast Ar f atoms. Indeed, the relative contributions of Ar + ions and fast Ar f atoms to the sputtering process were calculated to be about 96 and 4%, respectively.
Because the Ar + ion and fast Ar f atom fluxes toward the targets show a peak profile at a radial position of around 12 mm, the sputtering of Mg and Al will also reach a maximum there, as is clear from figure 6 , which illustrates the profiles of the total sputter fluxes of the Mg and Al atoms, again at a T-S distance of 10.5 cm for both magnetrons. The localized erosion creates the race track at a radial position of around 12 mm in the targets. As the sputter yield of Mg is almost three times higher than the Al sputter yield (cf figure 3 above) , the Mg sputter flux is also about three times higher than the Al sputter flux, as is clear from figure 6 . Therefore, we can already anticipate that in order to obtain the desired stoichiometric thin film (in our case MgAl 2 O 4 ), one should increase the T-S distance for the magnetron with the Mg target or decrease the T-S distance for the magnetron with the Al target (see below). Figure 7 presents the profiles of the Mg and Al fluxes toward the substrate holder, again at a T-S distance of 10.5 cm for both magnetrons. It is clear that the fluxes are not uniform over the area of the substrate holder, indicating that the sputtered Mg and Al atoms are not deposited uniformly. Indeed, because of the alignment of the magnetrons the flux of Mg has its maximum at the left boundary of the substrate holder and vice versa, the flux of Al reaches its maximum value at the right boundary of the substrate holder. From the application point of view, the aim is of course to obtain a uniform film deposited on the substrate. Therefore, in the experiment the substrate was placed in the central area containing both Mg and Al atoms; see the small rectangle in figure 7 , and the enlarged view in the figures at the right. The nonuniformity of the Mg and Al fluxes to the substrate is luckily far less pronounced than the nonuniformity of the fluxes to the entire substrate holder (cf the different scales of the color bars at the right). Finally, based on these deposition fluxes, the film stoichiometry (at least, the Mg and Al metal ratios) can be estimated. It is clear from figure 7 that the Mg/Al ratio in this case is around 2, whereas for a stoichiometric spinel (MgAl 2 O 4 ) film, the ratio would have to be 0.5. This indicates that the T-S distance of 10.5 cm for both magnetrons is not suited for obtaining a stoichiometric MgAl 2 O 4 film, at least not for the discharge currents of 0.5 A and 0.7 A, used in this investigation. Therefore, in the following section, the effect of varying the T-S distance in both magnetron sources on the film stoichiometry will be investigated. It is clear that a similar study could be performed (and a similar effect can be obtained) by varying the discharge currents of both magnetrons. 
Effect of target-substrate distance
The sputtered Mg and Al atoms from the two separate magnetrons move through the plasma and react with the oxygen gas molecules on the substrate to form complex oxide films (i.e. Mg x Al y O z ). It is obvious that the T-S distances of both magnetrons do affect the flux profiles of the Mg and Al atoms arriving at the substrate. In order to investigate the effect of T-S distance on the deposition process and to find a more suitable T-S distance for the desired stoichiometric thin film (i.e. MgAl 2 O 4 ), two sets of simulations are performed. In the first set, the T-S distance for the magnetron with the Mg target (d Mg ) is kept constant at 10.5 cm, and the one for the magnetron with the Al target (d Al ) is varied between 10.5 and 18.5 cm (in steps of 2 cm). In the second set, the opposite is done: the T-S distance for the magnetron with the Al target is kept constant at 10.5 cm, and the one for the magnetron with the Mg target is varied between 10.5 and 18.5 cm. Table 1 illustrates the stoichiometries x, y and z of the deposited Mg x Al y O z film on the substrate, as well as their ratio to x (in blue), as calculated with equation (9) . Note that the sum of x, y and z is equal to one, i.e. the sum of the deposition rates of Mg, Al and O is equal to the total deposition rate (see equations (8) and (9)). It is clear from table 1 that the most suitable T-S distance to obtain the desired stoichiometric film (i.e. MgAl 2 O 4 ) is 14.5 cm for the magnetron with the Mg target and 10.5 cm for the magnetron with the Al target; indeed, this yields a film with stoichiometry MgAl 2.07 O 3.88 . A lower T-S distance for the Mg target and/or a higher T-S distance for the Al target give rise to a too low Al content, whereas a higher T-S distance for the Mg target and/or a lower T-S distance for the Al target would result in too much Al compared to Mg.
The calculated deposition rates of Mg, Al and O atoms are plotted over the entire surface area in figure 8 , for the most suitable T-S distances, i.e. d Mg = 14.5 cm and d Al = 10.5 cm. It is clear that the deposition rate of Mg is now two times lower than the deposition rate of Al over the entire surface area of the substrate, whereas the deposition rate of oxygen atoms is approximately four (two) times higher than the deposition rate of Mg (Al) atoms. The deposition rates are slightly nonuniform, but this can also be partly due to statistics in the MC models.
To verify our model predictions, the Al metal ratios (i.e. N Al /(N Mg + N Al )), as calculated by the model, are compared with the experimental values, for the same Mg and Al T-S distances as used in the simulations, and the results are shown in figure 9 . Note that in the experiment the Al metal ratio is calculated based on the determined chemical composition, which was obtained using an electron probe microanalyzer (EPMA) JEOL JXA-8621MX, with a beam current of 30 nA and a voltage of 15 keV (a detailed explanation is given in [5, 11] ). It is clear from figure 9 that for a T-S distance of 14.5 cm for the Mg target, keeping the Al T-S distance fixed at 10.5 cm (see figure 9(a) ), the Al metal ratio is almost twice as high as the Mg metal ratio in both the simulation and experiment (i.e. the simulations predict the Al metal ratio in this case to be ∼67%, whereas in the experiments a value of 61% is obtained). This confirms our predictions Figure 9 . The Al metal ratio on the substrate predicted by the simulations and determined by the experiment, for different T-S distances. In (a) the T-S distance of the Mg target was varied, while keeping the T-S distance for the Al target constant, while in (b) the opposite was done, i.e. the Al T-S distance was varied for a fixed Mg T-S distance. about the (more or less) stoichiometric film (i.e. MgAl 2 O 4 ) under these conditions. In general, the results of both the simulations and experiments correspond well, for all T-S distances investigated, as is clear from figure 9 . The slight differences between them can probably be attributed to the boundary of the simulation area (see above, section 2.1). Indeed, when the T-S distance is increased, the probability that a plasma species becomes lost (or more specifically, removed from the simulation) rises as well. Hence, if the T-S distance for the Mg target is increased, more Mg atoms will be lost and the Al metal ratio will be higher in the simulations, compared to the experimental values (see figure 9(a) ). On the other hand, if the T-S distance for the Al target is increased, more Al atoms will be lost and therefore, the Al metal ratio obtained from the simulations will be lower than the experimental values (see figure 9(b) ).
Conclusion
A combined multi-species MC/analytical surface model was developed for a dual-magnetron sputter-deposition device, to investigate the plasma behavior and the deposition process of Mg x Al y O z thin films. This is the first model, which is used for large and complicated magnetron reactor geometries, such as a dual-magnetron configuration.
With the multi-species MC model we are able to obtain a large variety of output data for the electrons, Ar + ions, fast Ar f atoms and sputtered Mg and Al atoms, such as the densities, fluxes, average energies of the plasma species, as well as the collision rates. Typical results that are shown in this paper include the density profiles of the Ar + ions, fast Ar f atoms and sputtered Mg and Al atoms, the fluxes of Ar + ions and fast Ar f atoms toward the targets, and the fluxes of the sputtered Mg and Al atoms arriving at the substrate.
By combination of this multi-species MC model with an analytical surface model, we can also calculate the deposition rates of the sputtered metal and reactive gas atoms, as well as the film stoichiometry for various T-S distances, within a calculation time much shorter than in a PIC/MCC model (i.e. a factor of 20 shorter).
It was predicted that a T-S distance of 14.5 cm for the Mg target and 10.5 cm for the Al target gives rise to a more or less desired stoichiometric film (i.e. almost MgAl 2 O 4 ). This calculation result was validated by comparison of the calculated Al metal ratio for different T-S distances with experimental data for the same conditions, and reasonable agreement was obtained.
